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Nano-pore arrays on GaAs by templated anodization of GaAs through a nano-channel alumina
sNCAd membrane are reported for the first time. The NCA is formed by anodization of single-crystal
aluminum grown epitaxially on a GaAs substrate. The anodization is continued into the GaAs
underneath the NCA, which is anodized only at the pore bottoms of the NCA. After removal of the
NCA, the nanostructured GaAs obtained is studied using scanning electron microscopy. The
obtained nano-pores are 30–50 nm deep and spaced ,100 nm apart. Site-controlled InAs
self-assembled quantum dots are demonstrated by regrowth on this nanostructured GaAs. © 2005
American Vacuum Society. fDOI: 10.1116/1.1914824gI. INTRODUCTION
Currently there is great interest in physics and devices
based on semiconductor nanostructures formed on mono-
lithic semiconductor substrates. Improvements to a variety of
optical,1,2 electro-optical,3,4 and electrical5,6 devices have
been proposed by incorporation of semiconductor nanostruc-
tures. Definition of semiconductor nanostructures in a way
that is compatible with other planar processing steps has usu-
ally relied on some type of nanolithography, for example
electron beam lithography or focused ion beam lithography.
For example, site-controlled InAs quantum dot sQDd arrays
have been demonstrated by regrowth on a GaAs substrate
patterned using nanolithography.7–9 However, the high cost
and low throughput of such nanolithography steps limits
their foreseeable application in mass production of proposed
devices based on semiconductor nanostructures. Accord-
ingly, interest has grown in nonlithographic approaches to
nanostructured semiconductors based on self-assembly or
self-ordering. A further problem with traditional nano-
lithography approaches is material damage. Pattern forma-
tion or transfer with nanolithography approaches usually in-
volves exposure of the nanostructured material to high-
energy particles or plasmas, which can cause material
damage or contamination. Since the properties of semicon-
ductor nanostructures can be seriously degraded with dam-
age or contamination, approaches that avoid use of high-
energy particle beams or plasmas are highly desirable.
This paper presents results concerning a nonlithographic
method for forming arrays of nano-pores on GaAs substrates.
The pores are formed by templated anodization of a GaAs
surface. The template, which defines the positions of the
nano-pores, is a layer of nano-channel alumina, which is
formed directly on top of GaAs. Nano-channel alumina
sNCAd consists of a layer of alumina perforated by nano-
scale vertical pores which exhibit lateral ordering. NCA is
formed by anodization of aluminum under certain
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definition of nanostructures in a variety of materials in recent
years.12–14 In one approach, NCA formed from an aluminum
thin film can be used as a mask for templated anodization of
the underlying substrate. The substrate only contacts the
electrolyte and is only anodized at the bottom of the pores.
Formation of arrays of ordered nanopores or oxide nano-dots
on Si15 and TiN16 using this approach have been reported. In
this study the application of NCA formed directly on GaAs
to form arrays of ordered nano-pores on GaAs is demon-
strated. It is shown that the nano-pores can function as nucle-
ation sites for self-assembled quantum dots sQDsd.
II. EXPERIMENT
The starting substrates in this study were in all cases
GaAs semi-insulating substrates with s100d crystal orienta-
tion. Molecular beam epitaxy sMBEd was used to grow a
2000 Å GaAs buffer layer, followed by an epitaxial alumi-
num layer 0.45 mm thick. The single-crystal aluminum was
grown at room temperature at a rate of 0.45 mm/h, with the
growth conditions optimized to provide low surface rough-
ness. MBE growth of single-crystal aluminum on GaAs has
been described in detail before.17 The MBE-grown alumi-
num was verified to be single-crystal using transmission
electron microscopy sTEMd.
Samples were mounted on the anode contact of the elec-
trochemical cell. The electrolyte was 0.3 M oxalic acid, held
at room temperature and constantly stirred. The cathode was
a platinum wire and the anodization voltage was 40 V; these
conditions are known to be conducive to self-organized NCA
and correspond to an intended pore spacing of ,100 nm.
Scanning electron microscopy sSEMd was performed us-
ing a Hitachi S-4700 scanning electron microscope. Atomic
force microscopy sAFMd was performed using a Digital In-
struments 3100 atomic force microscope. Before imaging
with AFM or SEM, NCA is removed with concentrated hy-
drofluoric acid, exposing the underlying nanostructured
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ing a Hewlett-Packard 4155A semiconductor parameter ana-
lyzer.
For samples on which InAs QDs are regrown, regrowth is
performed by MBE. Before loading samples for regrowth,
NCA is removed using hydrofluoric acid. Then the sample is
cleaned in acetone followed by isopropyl alcohol under ul-
trasonic agitation. Immediately afterward, the sample is
dipped in concentrated hydrochloric acid followed by a dip
in deionized water to passivate the surface. Finally, the
sample is reintroduced into the MBE system, the native ox-
ide is thermally desorbed, and the InAs QD layer is depos-
ited directly on the profiled substrate.
Various anodization techniques and structures were stud-
ied to achieve regular nano-pore arrays on GaAs. In particu-
lar, we compare anodization into p type versus n type GaAs
buffer layers, and demonstrate site-controlled QDs on nano-
structured GaAs formed under the optimum conditions.
III. RESULTS AND DISCUSSION
The doping of the buffer layer of GaAs directly under-
neath the aluminum layer had a profound effect on the nano-
structured GaAs produced. Figure 1sad shows a scanning
electron micrograph of a nanostructured GaAs sample after
removal of the NCA. This sample had a lightly n-doped sn
,331016 cm−3d GaAs buffer layer topped by MBE-grown
Al, and was anodized for 7 min. We found these conditions
to be the most ideal in our study for formation of good nano-
structured GaAs samples. By observing a color change on
the sample, we found that 220–240 s of anodization will
result in consumption of the entire aluminum layer. Figure
1sbd shows a plot of anodization current versus time for the
sample shown in Fig. 1sad, demonstrating that the anodiza-
tion current can be used to monitor the progress of the an-
odization. The anodization of the aluminum layer shows ini-
tially very large current density which dips quickly before
coming back up to a steady-state value within the first
minute of anodization, as reported elsewhere.15 The current
remains near this steady-state value until the complete anod-
ization of the aluminum layer at 220–240 s, which causes a
small spike in the current and then immediately a plunge as
the GaAs buffer layer is anodized. Then the current density
takes on a steady-state value again for anodization of the
GaAs buffer layer, which is only about 20% as large as the
steady-state anodization current density for the aluminum
layer.
Figure 1scd shows a cross-sectional SEM image for the
same sample. The depth of the pores produced is 30–50 nm
as shown in the image. The shape of the pores shows that
anodization/electrochemical etch at the NCA pore bottoms is
isotropic in nature. Since the total anodization time for this
sample was 7 min, Fig. 1sbd indicates the etch of the GaAs
lasts more than 3 min. This means the anodization reaction
must be very slow on the GaAs, which makes sense in terms
of the low steady-state value of the current for anodization of
GaAs.
JVST B - Microelectronics and Nanometer StructuresThe results are drastically different for anodization under
the same conditions and anodization time for a sample with
lightly p-doped sp,331016 cm−3d GaAs buffer layer
topped with MBE-grown aluminum. Figure 2sad shows an
SEM image of nanostructured GaAs sample prepared this
way after removal of the NCA template. While small regions
of regular nanostructured GaAs form, the entire sample sur-
face contains defects in the form of large etch pits hundreds
of nanometers across and hundreds of nanometers deep. Fig-
ure 2sbd shows the current-time curve for this sample. The
shape of the curve is nearly identical to Fig. 1sbd until the
anodization reaches the GaAs buffer layer at about 230 s. For
Fig. 2sbd there is a large spike in current to many times the
FIG. 1. Nanostructured GaAs formed in n-type GaAs using an anodization
time of 7 min. sad shows an SEM image from above of the nanostructured
GaAs. sbd shows a curve of anodization current vs time elapsed from the
start of the anodization. scd shows a cross-section SEM image of the nano-
structured GaAs.steady-state aluminum anodization current at 230 s. This
1234 Meneou et al.: Site-controlled InAs quantum dots on GaAs patterned 1234large spike is absent in Fig. 1sbd, and most likely corresponds
to a violent reaction leading to the creation of the large etch
pit defects on this sample. We are currently investigating the
mechanism responsible for this different behavior of n and p
type GaAs.
Finally, we studied regrowth of thin InAs on nanostruc-
tured GaAs substrates for site-controlled QDs. For regrowth,
a sample with a nominally undoped GaAs buffer layer was
FIG. 3. SEM image of nanostructured GaAs formed in nominally undoped
GaAs using an anodization time of 5 min, viewed from 45° above
FIG. 2. Nanostructured GaAs formed in p-type GaAs using an anodization
time of 7 min. sad shows an SEM image from above. sbd shows a curve of
anodization current vs time elapsed from the start of the anodization.horizontal.
J. Vac. Sci. Technol. B, Vol. 23, No. 3, May/Jun 2005used and prepared the same as before except using an anod-
ization time of 5 min. The undoped buffer layer should con-
tain the background doping for our chamber, which was de-
termined by Hall measurement to be lightly n type slow
1014 cm−3d. The samples with a nominally undoped GaAs
buffer layer behaved just like the sample in Fig. 1. Figure 3
shows an SEM image viewed from 45° above horizontal of a
nanostructured GaAs sample prepared in the same process-
ing run as samples used for regrowth of InAs. Figure 4sad
FIG. 4. AFM data showing regrown InAs QDs on nanostructured GaAs. sad
shows a standard map of sample topography. The pores are about 50 nm
deep. sbd shows an Amplitude mode image of the same AFM scan. The
images are each 8003800 nm. By comparing the two images, it is easier to
see the QDs in sad.shows an 8003800 nm AFM image of the sample topogra-
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of the nano-pores is about 50 nm. Some QDs are visible
inside the pores. Figure 4sbd shows an Amplitude mode im-
age of the same AFM scan. In Fig. 4sbd the QDs show up
clearly as little bubbles. Comparing Figs. 4sad and 4sbd, it is
easier to find the QDs in Fig. 4sad, and it is clear that many
pores are filled with a QD. In this study 35%–40% of nano-
pores on this sample contained a QD. Furthermore, there is a
more than 10:1 preference for QDs to form in the pores
compared to on the flat areas of the sample. Finally, there
were very few nano-pores containing more than one QD, and
no nano-pores with more than 2 QDs. This is a vast improve-
ment over some earlier work concerning regrowth of InAs
QDs on nanostructured GaAs prepared using nanolithogra-
phy.
To further improve the percentage of pores containing a
QD, thus increasing QD density, improvement of the order-
ing and morphology of the NCA array is necessary. Fortu-
nately, highly ordered NCA has been attained by several
groups without resorting to nanolithography. By increasing
the thickness of the single-crystal Al layer used it is ex-
pected, with a longer anodization time, to lead to improved
ordering. In light of the flexibility of NCA technology, these
preliminary results on site-controlled InAs QDs are quite
promising.
IV. CONCLUSIONS
Nonlithographic fabrication of arrayed nano-pores on
GaAs by anodization using a nano-channel alumina template
has been achieved for the first time. Epitaxial films of single-
crystal aluminum grown on GaAs substrates were anodized
to form the NCA and to transfer the NCA pattern into the
underlying GaAs. This nanostructured GaAs is used to pre-
pare arrays of site-controlled InAs QDs using MBE re-
growth. The regrowth of InAs on this nanostructured GaAs is
shown to be a promising approach for site-controlled InAs
self-assembled QDs. In this experiment, 35%–40% of theJVST B - Microelectronics and Nanometer StructuresGaAs nano-pores contained a QD after regrowth, with QDs
forming on the flat areas outside of the nano-pores only
rarely.
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